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Summary
The subunit composition determines AMPA receptor
(AMPA-R) function and trafficking. Mechanisms un-
derlying channel assembly are thus central to the effi-
cacy and plasticity of glutamatergic synapses.We pre-
viously showed that RNA editing at the Q/R site of the
GluR2 subunit contributes to the assembly of AMPA-
Rheteromersbyattenuating formationofGluR2homo-
tetramers. Here we report that this function of the Q/R
site depends on subunit contacts between adjacent
ligand binding domains (LBDs). Changes of LBD inter-
face contacts alter GluR2 assembly properties, for-
ward traffic, and expression at synapses. Interestingly,
developmentally regulated RNA editing within the
LBD (at the R/G site) produces analogous effects.
Our data reveal that editing to glycine reduces the self-
assembly competence of this critical subunit and
slows GluR2 maturation in the endoplasmic reticulum
(ER). Therefore, RNA editing sites, located at strategic
subunit interfaces, shape AMPA-R assembly and traf-
ficking in a developmentally regulated manner.
Introduction
AMPA-Rs (a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate receptors) mediate the primary depolariza-
tion in excitatory, glutamatergic transmission (Ozawa
et al., 1998). Their rapidly rising and decaying excitatory
postsynaptic currents (EPSCs) mediate point-to-point
signaling in the CNS (Trussell, 1999). AMPA-Rs are
‘‘mobile’’ and traffic to and from synapses in response
to various stimuli in vivo and in vitro. This bidirectional
AMPA-R trafficking has been recognized as a central
mechanism for modifying synaptic strength in the devel-
oping and adult brain (Malinow et al., 2000; Barry and
Ziff, 2002; Bredt and Nicoll, 2003). AMPA-Rs consist of
four subunits, GluR1–4 (GluRA–D), which assemble in
various combinations (Hollmann and Heinemann, 1994).
The subunit stoichiometry determines channel function
(i.e., desensitization/resensitization kinetics and con-
ductance properties; Ozawa et al., 1998) and trafficking
to synapses (Malinow et al., 2000). Specific heteromers
can also be selectively targeted to synaptic sites, inner-
vated by functionally distinct afferents (Rubio and Went-
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are able to employ functionally different channels in re-
sponse to various stimuli (Liu and Cull-Candy, 2000;
Plant et al., 2006). Thus, AMPA-R subunit composition
impacts on the function and efficacy of glutamatergic
synapses on multiple levels; it appears likely that the
cell has devoted mechanisms to control this central
process.
The GluR2 subunit determines AMPA-R conductance
properties, which widely predominate in brain (Ozawa
et al., 1998). GluR2 therefore shapes AMPA-R transmis-
sion. Biochemical experiments revealed a preponder-
ance of GluR2-containing channels in hippocampus,
whereas GluR2-lacking (i.e., GluR1–3) combinations
were barely detected (Wenthold et al., 1996). GluR1–3
heteromers, however, form readily in the absence of
GluR2 (Sans et al., 2003), indicating an orchestrating
role for this critical subunit in the biogenesis of AMPA-Rs.
Alternative splicing and RNA editing within the ligand
binding domain (LBD) further diversifies receptor prop-
erties. Mutually exclusive alternative splicing of exons
14 and 15 (flop-flip) alters desensitization kinetics (Som-
mer et al., 1990; Ozawa et al., 1998). This splicing event
is under developmental control (Monyer et al., 1991). Arg
to Gly (R/G) editing in the S2 loop of GluR2–4 alters re-
sensitization kinetics, with edited G forms recovering
from desensitization more rapidly than their unedited
counterparts (Lomeli et al., 1994; Seeburg, 1996). This
site is gradually processed during development, with
both R and G forms coexisting in the adult (Lomeli
et al., 1994; Geiger et al., 1995). Whereas RNA process-
ing within the LBD modulates gating kinetics, subunit-
specific editing at the GluR2 Q/R site within in the pore
loop generates the GluR2-specific conductance proper-
ties. This site is almost completely converted to Arg dur-
ing early embryonic development. Impaired Q/R editing
in transgenic mice results in epileptic seizures and death
within 2 weeks after birth (Brusa et al., 1995).
RNA editing in metazoa refers to an enzymatic deam-
ination of ribonucleotides in prespliced mRNA (Bass,
2001; Valente and Nishikura, 2005). In the brain, adeno-
sine-to-inosine conversion is particularly frequent
(Bass, 2001) and is catalyzed by adenosine deaminases
acting on RNA (ADARs; Keegan et al., 2004). Interest-
ingly, most nervous system targets for ADARs character-
ized to date are proteins involved in neurotransmission
(Hoopengardner et al., 2003). In particular, functionally
critical sites in ion channels and receptors are modified
in both vertebrates and invertebrates (Seeburg and Hart-
ner, 2003). RNA editing thereby increases the functional
repertoire of these molecules in various unexpected
ways (Seeburg, 2002).
We recently revealed an additional role for the Q/R site,
which, apart from controlling ion flux, also determines
assembly properties of GluR2 in the endoplasmic reticu-
lum (ER; Greger et al., 2002). The ER is the first compart-
ment of the secretory pathway, where secretory and
transmembrane proteins are synthesized (Ellgaard and
Helenius, 2003). It provides a unique physicochemical
environment which promotes disulfide bond formation,
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in the case of misfolded proteins, ER-associated degra-
dation (ERAD). Multiple ER ‘‘quality control’’ mecha-
nisms ensure transit of only functional, properly folded
and assembled polypeptides into the secretory pathway
(Ellgaard and Helenius, 2003). Exit from the ER is thus the
first rate-limiting step for surface expression of channels
and receptors and determines the number of channels
available for exocytosis into synaptic sites. The Q/R site
provides a key ER quality control checkpoint—editing to
Arg attenuates formation of GluR2 homo-tetramers and
establishes a stable GluR2 pool in the ER (Greger et al.,
2002). This subunit appears to require assembly into het-
eromeric channels for ER export (Greger et al., 2003).
Residence in the ER may provide a mechanism under-
lying incorporation of this subunit into the majority of
AMPA-Rs. Unedited GluR2(Q), by contrast, is competent
to homo-tetramerize, exits the ER efficiently, and is ex-
pressed robustly at the cell surface (Greger et al.,
2003). Thus, Q/R editing constitutes a natural switch
that determines the biogenesis and synaptic abundance
of GluR2-containing AMPA-Rs.
Akin to K+ channels (Deutsch, 2003), glutamate recep-
tor assembly appears to be a two-step process: (1) di-
mer formation, which involves subunit N termini, and
(2) dimerization of dimers into tetramers, requiring the
transmembrane segments (harboring the Q/R site) and
the extracellular S2 loop (Ayalon and Stern-Bach,
2001). In support of this scheme, dimers and tetramers,
but not trimers, are detected biochemically (Greger
et al., 2003). Central to the assembly process is the mod-
ular nature of ionotropic glutamuate receptors (iGluRs)
(Madden, 2002). The extracellular portion consists of
two globular domains, which resemble bacterial peri-
plasmic binding proteins (BPs; Quiocho and Ledvina,
1996). The N-terminal segment is homologous to leu-
cine-isoleucine-valine BP (LIVBP), while the adjacent
LBD is homologous to glutamine BP (Figure 1; Madden,
2002). The LBD is split into S1 and S2 by the transmem-
brane segments forming the core ion channel. Ligand
binding to the LBD initiates conformational changes
that are transduced to the transmembrane segments
and open the channel’s gate (Gouaux, 2004; Mayer,
2005). All three modules—the N terminus, the LBD,
and the ion-channel domain—are engaged in distinct,
interdependent subunit-subunit interactions.
Isolated LBDs form 2-fold symmetrical dimers (Arm-
strong and Gouaux, 2000); interactions across the dimer
interface determine gating kinetics (Sun et al., 2002;
Horning and Mayer, 2004; Mayer, 2005). Here we show
that this interface is also central to the assembly pro-
cess. Mutants that change interface strength give rise
to homomeric GluR2 receptors and, depending on the
alteration, promote ER exit. Therefore, LBD interface
contacts contribute to conformations that are transmit-
ted to the membrane segments and overcome the as-
sembly barrier posed by the Q/R site. Importantly, a de-
velopmentally regulated R/G alteration, introduced into
the LBD by RNA editing (Lomeli et al., 1994), modulates
GluR2 assembly and trafficking in an analogous fashion.
Specifically, whereas R/G-unedited GluR2 is competent
to homotetramerize, the edited Gly variety has lost this
ability. Our crystal structure of the unedited LBD dimer
reveals an unconventional, potentially stabilizing inter-action of the editing-site arginines across the dimer in-
terface. Together with our previous data, it appears
that progressive RNA editing at strategic positions
slows GluR2 folding/assembly in the ER. Prolonged ER
residence may be a prerequisite for the formation of
GluR2-containing heteromeric AMPA-Rs later in devel-
opment. Therefore, in addition to regulating AMPA-R
function, RNA editing also shapes channel composition
in the developing and adult brain.
Results
The abbreviated names of GluR2 mutants and alterna-
tively (RNA) processed isoforms used in this study are
shown in Figure 1. All changes discussed occur within
the LBD (stippled box). The structural context of these
residues is given in Figure S1 of the Supplemental Data.
GluR2 Assembly Modes Are Determined by LBD
Interface Contacts
Subunit contacts between adjacent LBDs have been
characterized by X-ray crystallography (Armstrong and
Gouaux, 2000) and by functional assays (Sun et al.,
Figure 1. Schematic of the GluR2 Subunit
Domain organization and amino acid positions discussed in this
study are shown. The transmembrane (TM) segments are depicted
by gray columns, embedded in the lipid bilayer (blue area); the Q/R
editing site is indicated by a purple diamond. The extracellular por-
tion consists of the N-terminal LIVBP and the bipartite (S1, S2) LBD
(stippled box). The R/G editing site (purple diamond) locates to posi-
tion 743 within S2. The alternatively spliced exon flip/flop is denoted
by a green bracket and includes 38 residues (position 744–782); it
encompasses helix J and K. Mutants that alter LBD interface strength
are shown in red and blue, respectively. L483Y stabilizes the inter-
face and locates to helix D within S1; N754D weakens the interface
and locates to helix J within S2 (this residue is alternatively spliced).
The box below the diagram outlines the abbreviations used through-
out this paper. The four GluR2 isoforms listed on the left are all edited
to Arg at the Q/R site; they are alternatively processed at the R/G site
and the flip/flop region. The versions on the right are Q/R unedited.
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GluR2 Assembly Properties
(A) Velocity sedimentation analysis (10%–
50% glycerol) of R2(R)o-G and of the LBD
interface mutants L483Y and N754D (in
R2(R)o-G background). Myc-tagged subunits
were expressed in 10 DIV primary neurons
and extracted in 0.6% CHAPS buffer. Cleared
cell lysates were spun through the gradient at
41K (in a SW-60 rotor; Beckman) for 18 hrs.
The direction of sedimentation, and fraction
numbers comprising the peaks P1 (w28%
glycerol) and P2 (w34% glycerol), are de-
noted. Signals were obtained by Western
blotting using anti-Myc antibody (ab). Expo-
sures from different experiments were quan-
tified using NIH-Image software; percent of
the total was plotted for each fraction; data
points represent means 6 SEM (n = 3).
(B) BN-PAGE analysis of gradient fractions
shown in (A). Samples were electrophoresed
on 4%–12% gradient gels; signals were ob-
tained by anti-Myc Western blotting. Arrow-
heads denote assembly intermediates; (T)
tetramer, (D) dimer, (M) monomer (Greger
et al., 2003). Note that monomers were barely
detected for the L483Y mutant.
(C) Steady-state (18 hr expression) levels of
maturely glycosylated (post-ER) GluR2 wt
and LBD mutants. A representative gel is
shown. CHAPS lysates (treated with 5 mU En-
doH for 2 hr at 37ºC) were analyzed by 6%
SDS-PAGE and Western blotting using anti-
Myc abs. Filled arrowhead denotes maturely
glycosylated receptor; the empty arrowhead,
immature GluR2.
(D) Surface expression of LBD interface mu-
tants detected by immunocytochemistry.
Hippocampal neurons (w18 DIV), expressing
individual mutants, were labeled live (37ºC for
10 min) with monoclonal anti-Myc ab (4mg/ml),
to detect surface receptor (green); neurons
were then fixed and permeabilized to visual-
ize total receptor (polyclonal anti-Myc [red]).
Surface levels were quantified as the ratio of
surface (green) to total cell area (red); the
bar graph represents means 6 SEM; n = 30;
**p < 0.0005, Student’s t test (comparing
both L483Y and N754D to R2(R)o-G).2002; Horning and Mayer, 2004). The isolated GluR2/flop
LBD, in the R/G-edited G form (R2o-G) crystallizes as a 2-
fold symmetrical dimer (Armstrong and Gouaux, 2000).
The dimer interface, formed mainly by helices D and J
(see Figures 5B and 6C), rearranges upon desensitiza-
tion (Sun et al., 2002), suggesting that flexible LBD inter-
domain contacts are required for gating motions. Two
mutations, L483Y and N754D (Figure 1 and Figure S1A)
alter interface stability bidirectionally. L483Y, within helix
D, dramatically strengthens the interface (105-fold) by
creating favorable cation-pi interactions (Sun et al.,
2002). By contrast, N754D, within helix J, destabilizes
the interface as a result of charge repulsion (Sun et al.,
2002; Figure S1A).
To address a potential role for LBD interface contacts
in AMPA-R assembly, we introduced these mutations
into R2(R)o-G. This major, adult form of GluR2 poorly as-
sembles into homotetramers when exogenously ex-
pressed in hippocampal neurons (Greger et al., 2003).
Receptor assembly was assessed with a combinationof glycerol velocity sedimentation and blue-native
PAGE (BN-PAGE). As shown in Figure 2A, R2(R)o-G wt
subunits remained largely unassembled at steady state
and sedimented on top of the gradient in peak 1 (P1). P1
is composed of AMPA-R mono- and dimers (Greger
et al., 2003). This sedimentation pattern was observed
previously with pulse-labeled R2(R)o-G (Greger et al.,
2003). In stark contrast, the L483Y mutant shifted into
the tetrameric range of the gradient, P2. Hence, stabiliz-
ing the LBD interface substantially alters AMPA-R
sedimentation properties. Actual assembly states of
gradient fractions were analyzed further by BN-PAGE.
This assay facilitates unequivocal distinction between
AMPA-R mono-, di-, and tetramers, as described in
more detail previously (Greger et al., 2003). BN-PAGE
confirmed the tetrameric nature of L483Y (fractions 8
and 9; Figure 2B), demonstrating that LBD interface
strength has a major impact on channel assembly.
Next, to test the effect of destabilizing the dimer inter-
face, we analyzed the N754D mutant in a similar fashion.
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channels also sedimented in P2 as tetramers (Figure 2A).
These two mutations likely affect different steps in the
assembly pathway (see below). Our results reveal that
bidirectional changes of LBD interface strength modu-
late GluR2 assembly. Since N754D predominantly re-
sides in the desensitized state, a quaternary confor-
mation resembling this low-energy state may stabilize
tetramers.
To test whether the drastically altered assembly prop-
erties reflect heteromer formation by exogenous LBD
mutants with endogenous AMPA-R subunits, we per-
formed co-immunoprecipitation (co-IP) experiments.
We find that similar to wt R2(R)o-G, LBD mutants IPed
only a minor fraction of endogenous GluR1 (and GluR1
IPed comparably small amounts of exogenous GluR2;
data not shown). Poor association of exogenous GluRs
with endogenous subunits has been reported previously
(Hayashi et al., 2000; Greger et al., 2003). Therefore,
heteromer formation does not underlie the altered as-
sembly pattern. Alterations of LBD interface contacts
may generate conformational changes that overcome
the Arg607 assembly barrier and give rise to GluR2
tetramers.
A Channel Conformation Resembling
theDesensitizedStateSignalsERExportCompetence
We next examined forward trafficking and surface ex-
pression of GluR2 LBD mutants. ER exit was monitored
by acquisition of endoglycosidase H (EndoH)-resistant,
mature N-glycosylation, a characteristic of post-ER
GluR2 (Greger et al., 2002; Figure 2C). This analysis re-
vealed interesting differences between L483Y and
N754D. Despite the ability of L483Y to tetramerize, ER
exit of L483Y was dramatically reduced, and levels of
maturely glycosylated receptor were lower than wt
R2o(R)-G (Figure 2C). N754D, in contrast, trafficked up
to 2-fold more efficiently than wt, with 50% 6 2% (n =
4) of maturely glycosylated receptors at steady state.
In line with this, immunocytochemistry demonstrated
that N754D was robustly expressed at the cell surface,
1.5-fold above wt (green stain in Figure 2D). Surface
levels of L483Y, however, were substantially reduced
(4-fold below wt). This trafficking phenotype (i.e., ER re-
tention) was also observed when L483Y was introduced
into the trafficking competent (Q/R-unedited) R2(Q)o-G
isoform (Figure 2D, bar graph). Moreover, mutation of
the analogous position in GluR1, L497Y, resulted in
a comparable reduction of surface GluR1 (data not
shown). These data reveal that tetramer formation is
not the sole prerequisite for ER exit. Rather, a particular
quaternary conformation appears to be sensed by the
ER quality control machinery. N754D, a channel pre-
dominantly residing in the desensitized state (Partin
et al., 1996), appears to conform to this requirement,
whereas L483Y does not. Thus, conformational altera-
tions associated with the LBD play a central role in the
assembly process.
RNA Processing within the LBD Modulates GluR2
Assembly and Forward Traffic
Having identified a central role for the LBD in GluR2 bio-
genesis, we asked whether natural alterations in this do-
main, introduced by RNA processing, modulate subunitassembly. A combination of RNA editing (Arg to Gly) and
alternative splicing (flip to flop) generates four GluR2
isoforms: R2(R)i-R and R2(R)i-G, and R2(R)o-R and
R2(R)o-G (Figure 1), in a developmentally regulated
manner (Sommer et al., 1990; Monyer et al., 1991; Lomeli
et al., 1994). Helix J, which contributes to the dimer inter-
face, harbors the R/G editing site at its base (position
743) and three of the nine residues that are changed
via alternative splicing (positions 744, 745, and 754;
Figure 4A and Figure S1B). These alterations are known
modulators of AMPA-R desensitization kinetics (Partin
et al., 1996; Ozawa et al., 1998).
To investigate the impact of developmentally regu-
lated RNA processing on receptor formation, the assem-
bly and forward traffic of alternative GluR2 isoforms was
analyzed. Note that all of the forms discussed below are
edited at the Q/R site. We first analyzed ER export com-
petence by assessing levels of maturely glycosylated
receptor. Curiously, steady-state levels of post-ER re-
ceptor were higher for the R/G-unedited, R varieties rel-
ative to their edited G counterparts (Figure 3A). This dif-
ference was highly significant for flop splice forms,
where R2(R)o-R trafficked up to 3-fold more efficiently
than edited R2(R)o-G. The R/G effect was also consis-
tently observed in the flip background, albeit to a lesser
degree (Figure 3A). Therefore, RNA editing at the R/G
site provides an endogenous switch that modulates
GluR2 ER exit in a developmentally regulated fashion
(Lomeli et al., 1994). Sedimentation analysis revealed
the appearance of R2(R)o-R in the tetrameric range of
the gradient (P2), which is not seen with R2(R)o-G (Fig-
ures 3B and 2A). We note the occurrence of EndoH-re-
sistant R2(R)o-R in P1, suggesting a partial dissociation
of the tetramer during detergent extraction. R/G-uned-
ited GluR2 also migrated as tetramer on BN-PAGE,
whereas R2(R)o-G P2 fractions solely produced a smear
(Figure 3C; fractions 8 and 9). This smear correlates with
an SDS-resistant band, running at w250 kDa on SDS-
PAGE (Figure 3B; bottom panel, asterisk), which was
also observed in the other GluR2 isoforms (see below).
As described for the LBD mutants above, association
with endogenous subunits was barely observed for
any GluR2 isoform and therefore does not explain the
different sedimentation profiles.
In agreement with the glycosylation data, greater
levels of unedited R2(R)o-R (2.5-fold) accumulated on
the neuronal cell surface, relative to edited R2(R)o-G
(Figure 3D). A similar trend was seen with the flip splice
forms. However, as observed above, the difference be-
tween R and G forms in the flip background was not as
pronounced as in flop.
To determine whether the R/G switch [introduced into
R2(R)o] affects ER export rates, we conducted pulse-
chase analysis. Neurons were pulse-labeled with [35S]
methionine-cysteine for 10 min, and chased in the ab-
sence of label for 5 hr. As shown in Figure 3E, levels of
maturely glycosylated R form were increasedw1.6-fold
relative to the G form (compare lanes 1 and 3). In com-
parison, export rates were accelerated w2-fold by the
Q/R switch (Figure 3E; lane 2; Greger et al., 2002). We fi-
nally tested whether R/G editing also affected receptor
trafficking in a non-neuronal milieu. As summarized in
Figure 3F, Arg743 promoted ER exit of R2(R)o in Hek293
cells relative to its Gly counterpart, suggesting that an
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ters GluR2 Trafficking Properties
(A) Bar graph representing fold increases of
maturely glycosylated receptor (percent of
the total) relative to R2(R)o-G (w20% ma-
ture), in means 6 SEM; n = 4. Significant dif-
ferences occur between G and R forms in
both flip and flop (brackets); *p < 0.01, **p <
0.0005, Student’s two-tailed t test. Exposures
from different experiments were quantified
using Quantity One software (BioRad; utiliz-
ing the Gauss modeling function). The inset
shows the EndoH glycosylation pattern of
R2(R)o-G (left) and R2(R)o-R (right).
(B) Sedimentation pattern of R2-flop versions
(modified at the R/G site) assayed by 10%–
50% glycerol velocity sedimentation (top
panels); P2 is boxed. The middle panel shows
the SDS-resistant band, running atw250 kDa
(asterisk) for R2(R)o-G; this species was also
apparent in R2(R)o-R. Quantification was as
described in Figure 2B; n = 4.
(C) BN-PAGE analysis of gradient fractions
shown in (B). Details are outlined in Figure 2B.
(D) Surface expression of exogenously ex-
pressed GluR2 isoforms. The bar graph repre-
sents means 6 SEM of surface expressed
receptor, n = 45 (pooled from three individual
experiments); *p < 0.005, **p < 0.0001, Stu-
dent’s two-tailed t test. R/G-unedited R2(R)o-
R (left, [Flop-R]), edited R2(R)o-G (right,
[Flop-G]). Green stain shows surface, red stain
total receptor; see Figure 2D for details.
(E) Pulse-chase analysis. Neurons were la-
beled for 10 min with [35S]-methionine and
chased in neurobasal medium (supplemented
with 170mg/ml ‘‘cold’’ methionine) for 5 hr. Re-
ceptor was immunoprecipitated, EndoH-
treated, and resolved on 6% SDS-PAGE. Sig-
nals were enhanced by flurography (Amplify;
Amersham). Lane 1: GluR2 edited at both
the R/G and the Q/R sites; lane 2: GluR2 edi-
ted at the R/G site only; lane 3: GluR2 edited
at the Q/R site only. Edited residues are
shown in bold and italics.
(F) Bar graph representing levels of maturely
glycosylated receptor (percent of the total)
expressed in Hek293 cells. R/G flop versions (in pcDNA3) were expressed in Hek293 cells for 40 hr; CHAPS lysates were digested with 5 mU EndoH
(Roche) for 2 hr at 37ºC and resolved on 6% SDS-PAGE. Plotted data represent fold increase of R2(R)o-R relative to R2(R)o-G in means6 SEM;
n = 4, *p < 0.001.intrinsic property of the polypeptide rather than neuro-
nal-specific factors underlies this regulation. In conclu-
sion, editing at the R/G site within the LBD modulates
assembly and ER exit of GluR2. In analogy to the Q/R
site, editing at this site slows egress from the ER, with
doubly edited GluR2 trafficking most inefficiently
(Figure 3E; lane 1). These findings reveal an additional
role for RNA processing in the LBD. Moreover, the
data imply the existence of functionally distinct AMPA-
R complexes during development, and in different re-
gions of the adult brain.
The Crystal Structure of the flip/R LBD Suggests
an Interaction between the Arg743 Residues across
the Dimer Interface
The above data disclose a function for the GluR2 R/G
editing site in receptor biogenesis. To elucidate the
atomic environment of this critical residue, we deter-
mined the structure of the unedited flip/R LBD. All previ-ous structures of the GluR2 LBD were solved in the edi-
ted flop/G state (Gouaux 2004); the two forms differ by
five residues along helices J and K (Figure 4A; Fig-
ure S1B). The flip/R LBD, solved in the glutamate-li-
ganded state to a resolution of 2.38 A˚, is based on the
S1S2J variant (Chen et al., 1998; Armstrong and
Gouaux, 2000). Similar to previous GluR2 LBD struc-
tures, the flip/R form crystallized as a 2-fold symmetrical
dimer (Figure S1A; data collection and refinement statis-
tics are given in Table 1). Superposition with the flop/G
LBD (using Ca atoms of subunit A) revealed a good
alignment, with a root-mean-square deviation (RMSD)
value of 0.26 A˚, suggesting that RNA processing induces
no major conformational alterations (Figure S2). The
three positions in helix J, which are changed by alterna-
tive splicing—744, 745, and 754 (Figure 4C and Fig-
ure S1B)—show no major alterations in backbone struc-
ture, nor are the side chains (of the flip form) involved
in direct interactions. Thr744 engages the main chain
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LBD Reveals Closely Opposed Arg743 Side
Chains; C z Distance = 3.9 A˚
(A) Sequence alignment depicting amino acid
changes between flip and flop, starting at po-
sition 744; the R/G site (743) is shown in bold.
Alternative residues are indicated in color.
Helices J and K (light blue bars) are drawn
above the sequences. Note that the cluster
of changes comprising position 775–779 is
not included in the structure.
(B) Side view of the glutamate-bound flip/R
LBD dimer. The two subunits are color coded
(chain A in cyan, chain C in yellow). Arg743 is
indicated in stick.
(C) Superposition of the flip/R (yellow) and
flop/G LBDs (gray; top view). Alternative res-
idues, 743–745, are shown in stick: flip resi-
dues, black; flop residues, white; positions
are indicated on one protomer only. Helices
D and J are denoted.
(D) Fo-Fc electron densities for Arg743 side
chains. Contour level was 0.16 e/A˚3. The fig-
ure was drawn with CCP4mg.carbonyls of Ser728 and Ser729 in solvent-mediated hy-
drogen bonds. The side chain of Ser754, which medi-
ates coordination of the desensitization modulator cy-
clothiazide (Partin et al., 1996; Sun et al., 2002),
interacts with an extensive solvent-mediated hydrogen
bond network (Figure S1C).
The gap at the top of the interface, generated by edit-
ing to Gly, is largely closed by the two Arg743 residues in
flip/R (Figures 4B and 5). In contrast to molecular
models, which suggested upward projection of the argi-
nines toward the top of the interface, the structure
reveals surprisingly ordered Arg743 side chains pointing
Table 1. Summary of Data Collection and Refinement Statistics
Data Collection
Space group P21212
Unit cell (A˚ 3 A˚ 3 A˚) a = 114.3, b = 164.0, c = 47.5
Resolution (A˚) 29.2 – 2.36
Total reflections 135,685
Unique reflections 35,867
Completeness (%)a 95.6 (81.8)
Rsym (%)a 9.3 (33.4)
I/sa 13.3 (3.8)
Refinement
R/Rfree (%)
b 18.9/26.4
Completeness (%)c 97.1 (92.3)
Total reflectionsc 34,056 (2323)
Reflections in test set 1789
RMSD
Bond length (A˚) 0.01
Bond angle (degree) 1.4
Average B-factor (A˚2) 19
a Value in parentheses are for the highest-resolution shell (2.49–
2.36 A˚).
b 5% of data were in the test set.
c Value inparentheses are for the highest-resolution shell (2.44–2.38 A˚).toward each other (Figures 4B–4D). Identical Arg743 ro-
tamers are observed within the flop/R LBD dimer (solved
at 2 A˚; O. Daumke, I.H.G., unpublished data). Terminal
NH groups of the Arg743 side chains approach within
3.4 A˚, potentially generating unfavorable coulombic in-
teractions. However, relative to the glutamate-bound
flop/G structure, the distance between the two Ca743
atoms across the dimer interface is reduced by 1 A˚
(14.7 A˚ across) rather than increased, which argues
against major charge repulsions (see also Figure 4C
and Figure S2). Similarly, Ca atoms of the adjacent leu-
cine, Leu742, are positioned more closely in flip/R. This
indicates an interaction between the Arg side chains,
which could be accomplished by their proximity to the
(hydrated) protein surface (Figures 5A and 5B) and by
a favorable electrostatic environment (Figure 5C; see
Magalhaes et al., 1994). Potential counter-charges, lo-
cated within 6.5 A˚ of the guanidinium groups, are
Glu486, Asp490, and Thr744 (Figure 5C). Asp490 in par-
ticular locates within 3.5 A˚ of Nh743 and projects from
a strand, which constitutes parts of the interface (Fig-
ure 7D). Indeed, breaking the Asp490-Arg743 link slows
folding of GluR2 (Figures 7A–7C; see below). Asp490
also forms a salt bridge with the Lys738 side chain.
Lys738 is part of a short loop, which is knitted to the in-
terface via Asp490 (Figure 7D) and the Glu486 main chain
carbonyl. Breaking the Asp490-Lys738 interaction
(K738A) severely perturbs folding of GluR2 and potenti-
ates ER retention of the receptor (see below; Figures
7B and 7C). Of note, the GluR3 equivalent of Lys738
(Lys764) is critical for channel function (Paternain et al.,
2003).
In comparison to the flop/G structure, several addi-
tional water molecules locate to the flip/R interface (tem-
perature factors below 40 A˚2). An extensive solvent-me-
diated hydrogen-bond network bridges Nh743 atoms
Role of the LBD in AMPA-R Assembly
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Arg743
(A) Side view of the flip/R LBD colored by sol-
vent-accessible surface area. Accessible res-
idues range from white (fully accessible) to
gray; inaccessible positions are depicted in
blue. Green spheres denote water molecules.
The red asterisk marks Arg743 residues. The
figure was generated with CCP4mg.
(B) Image depicting the solvent network (red
spheres) bridging the Arg743 side chains.
(C) Surface views outlining the electrostatic
environment of the R/G site. Counter-charges
(E486, D490, T744) within a 6.5 A˚ radius of
Nh743 are indicated. Top views of the flip/R
(left) and flop/G LBD (right). Arg743 side
chains (gray) were superimposed onto the
flop/G LBD to illustrate the gap generated
by editing to Gly; the black dot marks N744.
Protomers were color coded—chain A, yel-
low; chain C, gray.
Panels (B) and (C) were drawn with PyMOL
(DeLano, 2002).from the two protomers (Figure 5B), which could con-
tribute to dimer stabilization (Magalhaes et al., 1994).
RNA Editing Attenuates GluR2 ER Processing
To understand better how Arg743 speeds ER exit, the R/
G switch was analyzed in R2(Q)o, the Q/R-unedited flop
variant (Figure 1). R2(Q)o-G assembles into tetramers
and traffics from the ER efficiently (Greger et al., 2003).
We wished to assess whether Arg743 also affected the
biogenesis of assembly-competent GluR2. Arg743 in-
deed increases steady-state levels of post-ER R2(Q)o-R
(2-fold [1.98 6 0.3]; n = 5), relative to edited R2(Q)o-G,
and was expressed at the cell surface to higher levels
(Figure 6A). Thus, the fully unedited variant (Q/R, R/G)
matures in the ER very efficiently. Since the two editing
sites additively produce an ER exit-competent confor-
mation (in the unedited state), they likely affect different
steps in channel biogenesis.
Velocity sedimentation analysis revealed no signifi-
cant differences in P1:P2 peak ratios between R2(Q)o-
G and R2(Q)o-R (Figure 6B). However, whereas P2 sig-
nals of the latter sharply declined beyond fraction 9,
the edited G form consistently sedimented in a trailing
shoulder, indicative of conformational heterogeneity
(i.e., due to variability in shape, folding intermediates
distribute across the gradient more widely). Receptor
immunoprecipitated from these trailing fractions (10–
12) is largely of the immaturely glycosylated ER type
(not shown), whereas P2 peak fractions are predomi-
nantly mature (Greger et al., 2003). Moreover, in addition
to the main band running at w100 kDa, an w250 kDa
species was evident for the edited G form, but was
barely observed for unedited R2(Q)o-R (Figure 6C; frac-
tions 7–12). As mentioned above, this high-molecular-
weight species was seen in other GluR2 isoforms
(Figure 3B) and may represent an SDS-resistant aggre-
gate of assembly intermediates. To test this possibility
further, we generated C773A, a mutation that will pre-
vent formation of the highly conserved Cys718-Cys773disulfide bridge (see Armstrong et al., 1998). Like other
disulfides, this Cys link is oxidized in the ER and likely
provides a local scaffold during folding of the nascent
polypeptide. C773A was fully ER retained (not shown),
and indeed shifted the majority of the signal into the
250 kDa range (Figure 6D), corroborating the presence
of aggregated folding intermediates. Moreover, when
analyzed under nondenaturing conditions, a smear
gradually increasing in size was seen in fractions 7–12
with R2(Q)o-G, but not the R form (Figure 6E). This mi-
gration behavior, which was also observed for other
GluR2 isoforms (Figure 3C), further suggested the pres-
ence of folding intermediates. Therefore, unedited R2o
(Q/R, R/G) appears to fold/assemble more readily than
singly and fully edited subunit isoforms. It is worth men-
tioning that the fully unedited flip variety, R2(Q)i-R, does
produce the abovementioned signs of folding ‘‘incom-
petence,’’ i.e., smearing on BN-PAGE (not shown) and
the 250 kDa band on SDS-PAGE. The latter is illustrated
for whole-cell lysates in Figure 6F (top and right panels),
where the ratio of 100 kDa species versus top-band was
on average 4-fold greater for unedited flop relative to un-
edited flip. R2(Q)i-R also exited from the ER less effi-
ciently than its flop counterpart (Figure 6F; bottom
panel), as was observed for the R2(R)i-R/R2(R)o-R pair
in Figure 3A. These results suggest that flip variants
fold less efficiently than flop forms and that fully uned-
ited GluR2-flop represents the most efficiently ER-pro-
cessed isoform.
Arg743 Requires the Asp490 Counter-Charge
Asp490 is highly conserved and is present in all rat
iGluRs, with the exception of NMDA-R1, which encodes
a Glu at the equivalent position (Figure S3B). As stated
above, Asp490 lies within 3.5 A˚ of the Arg743 side chain
and thus provides a potential counter-charge (Figure7D).
The increased folding competence of R2(Q)o-R was
reversed to R2(Q)o-G levels by breaking the Asp490-
Arg743 link (D490A). In D490A, the SDS-resistant 250
Neuron
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(A) R/G-unedited R2(Q)o-R traffics from the ER more efficiently than edited R2(Q)o-G. Top panel: plotted data represent fold increases of ma-
turely glycosylated receptor (percent of the total) relative to R2(Q)o-G (w30% mature) in means6 SEM; n = 5, *p < 0.001, Student’s two-tailed t
test. Exposures from different experiments were quantified with Quantity One (BioRad) using the Gauss modeling function. Bottom panel: Bar
graph represents means 6 SEM of surface expressed receptor; n = 12, *p < 0.005, Student’s two-tailed t test.
(B) Glycerol velocity sedimentation of R2(Q)o-R (red) and R2(Q)o-G (black). Exposures from different experiments were quantified using NIH-Im-
age software; percent of total was plotted for each fraction; data points represent means 6 SEM; n = 4.
(C) Representative examples for R2(Q)o-G and R2(Q)o-R gradients. P1 and P2 are depicted; the main 100 kDa species are denoted (open arrow
heads). (*) indicates the 250 kDa, SDS-resistant band observed in the G form but barely observed in the R form.
(D) Sedimentation analysis of R2(Q)i-R/C773A. Breaking the conserved Cys718-Cys773, a likely scaffold during subunit folding, shifts receptor
signals into the 250 kDa range (asterisk). The open arrow denotes an unspecific signal consistently recognized with a given batch of anti-Myc
antibody.
(E) BN-PAGE analysis of R2(Q)o-G and R2(Q)o-R glycerol gradient fractions (shown in Figure 5B). The smear (asterisk) correlates with the occur-
rence of the 250 kDa species on SDS-PAGE, which was observed with the G form but barely with the R form.
(F) Folding/trafficking of R2(Q)i-R versus R2(Q)o-R. The fully unedited flip form folds/traffics less efficiently than its flop counterpart. Total CHAPS
lysate (from sindbis infected neurons) was separated on 6% SDS-PAGE (top left) and quantified using NIH-Image software (right). The flip form
(left lane) produces the 250 kDa species (asterisk; left peak), which is barely observed for the flop form (right lane). The steady-state EndoH gly-
cosylation pattern (EH) is shown below.kDa band (Figures 7A and 7B; asterisk), plus smearing on
BN-PAGE, reappeared (Figure 7C). This ionic link thus
contributes to the folding-competent conformation me-
diated by Arg743, potentially by facilitating the Arg743 in-
teraction across the interface. Moreover, folding was se-
verely impeded in the K738A mutant (Figures 7B and 7C;
bottom panels). This mutant was fully ER retained (not
shown). By interacting with Lys738 and Arg743, Asp490
links two parts of the interface (Figure 7D). Contacts in
this region turn out to be critical for the folding compe-
tence of the subunit. In conclusion, our data reveal that
RNA editing (at both editing sites) slows processing of
GluR2 in the ER. Prolonging the GluR2 ER dwell time by
progressive RNA editing may encourage heteromer for-
mation at later stages of brain development and in re-
gions where these forms predominate.Discussion
This study presents several insights into the mecha-
nisms underlying the biogenesis of GluR2-containing
AMPA-Rs. Moreover, further evidence for RNA editing
mechanisms in this process is presented.
First, contacts within LBD dimers are central in the di-
mer-to-tetramer transition. Second, RNA editing within
the LBD modulates this assembly step, which third, po-
tentially produces distinct AMPA-R tetramers in a devel-
opmentally and regionally regulated manner. Fourth,
progressive RNA editing during development attenuates
GluR2 maturation in the ER, which in turn may encour-
age formation of GluR2 heteromers. Fifth, an interaction
between two Arg743 side chains, facilitated by a favor-
able electrostatic environment, may promote folding
Role of the LBD in AMPA-R Assembly
93Figure 7. Arg743 Requires the Asp490
Counter-Charge
(A) Total CHAPS lysate (right panel) is shown
for R2(Q)o-R (left lane) and R2(Q)o-R/D490A
(right lane). The 250 kDa species (asterisk) is
greatly increased in the D490A mutant. Sig-
nals were quantified using NIH-Image soft-
ware (right panel) as described in Figure 6F.
(B) Glycerol velocity sedimentation of the in-
terface mutants D490A and K738A, both con-
structed in R2(Q)o-R . Note the wide distribu-
tion of K738A plus the increased appearance
of the 250 kDa band (asterisk).
(C) BN-PAGE analysis of D490A and K738A
(as described in Figure 6E).
(D) Segments constituting the LBD interface
(red, blue) within a protomer are shown. Helix
J and the Lys738 loop are in red, helix D is in
blue. The Asp490-Lys738-Arg743 network is
depicted in stick. These interactions connect
the two parts of the interface.and forward traffic. Finally, a specific quaternary struc-
ture of the channel tetramer is required for efficient ER
exit, with channels in the desensitized state signaling
export competence.
We also reveal a role for ligand binding in the folding
process (see below; Figure S4).
LBD Interface Contacts and Channel Assembly
We previously reported that editing at the Q/R site within
the pore loop impedes tetramerization of GluR2 homo-
mers and attenuates ER processing of the subunit
(Greger et al., 2003). The mechanism underlying this reg-
ulation is still elusive, and may involve flipping of pore
loops into the channel interior, a step that could be inef-
ficient when four Arg loops are present. Q/R editing
blocks formation of tetramers but not dimers (which, to-
gether with monomers, are readily detected by BN-
PAGE). Therefore, changes within the LBD interface
may produce dimer conformations that are competent
to tetramerize.
Dimer formation involves receptor N termini (Leusch-
ner and Hoch, 1999; Ayalon and Stern-Bach, 2001).
These LIVBP homologs potentially fold into their tertiary
conformation while the remainder of the subunit is still
being translated and inserted into the ER membrane
(e.g., see Netzer and Hartl, 1997). N termini, which are
known to associate tightly in solution (Kuusinen et al.,
1999), may dimerize prior to completion of translation.
The LBD, by contrast, is split into S1 and S2 by the ion
channel (Figure 1) and needs to await production and
membrane insertion of TM1 and TM2 before folding
into its tertiary structure. According to this scheme,
LBD interface contacts are established late, once N ter-
mini have dimerized and once the ion channel domain
has been synthesized. LBD associations may then align
subunits (and potentially transmembrane segments)
within a dimer to produce a ‘‘platform’’ for tetramer for-mation. Based on the current data we suggest the fol-
lowing scheme (Figure 8). The interface changes de-
scribed herein overcome two major rate-limiting steps
in the transition from a dimer to the export-competent
tetramer: step I, generation of tetramerization-compe-
tent dimer configurations (red channel), and step II, ac-
quisition of the ER export-competent, quaternary con-
formation (blue channel). Data presented in Figure 2
suggest that such a conformation correlates with the de-
sensitized state. Step I lies upstream of step II; it stabi-
lizes a conformational intermediate required for favor-
able alignment of two dimers (L483Y, Arg743; pathway
1b). Step I needs to be transient and permit step II, which
is achieved by Arg743 but not by L483Y. In the latter,
tightening of the interface through cation-pi interac-
tions, which severely slows desensitization, blocks ER
exit (by attenuating acquisition of the export-competent
configuration; step II). (Stabilization of the interface by
Arg743 has not yet been formally proved; it is solely in-
dicated by reduced distances across the interface in
flip/R.) That a conformational transition into the desensi-
tized state signals export competence is supported by
N754D, which accelerates desensitization (Partin et al.,
1996) and promotes forward traffic of both Q/R-edited
and -unedited GluR2 by w2-fold (Figure 2C; and data
not shown). By contrast, L483Y, which slowly desensi-
tizes (see also Stern-Bach et al., 1998), is largely ER re-
tained (as is the analogous GluR1 mutant, L497Y; data
not shown). The finding that N754D, which sediments
as a tetramer despite destabilizing the interface, is cur-
rently poorly understood; the (low-energy) desensitized
conformation may prove to stabilize channel tetramers.
Further support for this model comes from the finding
that K493A, which speeds desensitization (Horning and
Mayer, 2004), accelerates ER exit (data not shown).
Lys493 forms a salt bridge with Glu486 across the inter-
face (Armstrong and Gouaux, 2000). Breaking this link
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LBD Interface during Assembly
Stabilization of the interface (red channel)
overcomes the Arg607 assembly barrier
(step I). By aligning two subunits in a dimer,
step I facilitates initial tetramer formation,
which is catalyzed by L483Y and Arg743.
Once a tetramer has formed, it switches into
an ER export-competent (desensitized) state
(step II). L483Y, which attenuates desensiti-
zation, is stalled at step I (pathway b1).
Arg743 facilitates step I (b1) and is competent
to switch into step II (b2). N754D catalyzes
step II (pathway a1). Key to the symbols is in-
dicated on the right.(K493A) will, similar to N754D, weaken dimer contacts.
Moreover, R628E, a mutation outside the LBD, which
analogously to L483Y, attenuates desensitization (Yel-
shansky et al., 2004), results in robust ER retention of
the channel (data not shown).
Ligand Binding in the ER
L483Y and N754D may represent additional examples of
functional quality control, which ensures that channels
residing in a non-conducting (desensitized) state traffic
along intracellular membranes. Desensitization requires
ligand binding. There is accumulating evidence that glu-
tamate binds to the receptor in the ER. Specifically, mu-
tation of residues required for coordinating L-glutamate
results in ER retention of AMPA receptors in C. elegans
(Grunwald and Kaplan, 2003), and of mammalian kainate
receptors (Mah et al., 2005; Valluru et al., 2005). We ob-
served the same effect with rat GluR2, where the muta-
tion R485K resulted in complete ER retention of both Q/
R-edited and -unedited GluR2 (data not shown). Arg485
coordinates the a-carboxyl of L-glutamate and of re-
lated ligands (Armstrong and Gouaux, 2000) and is re-
quired for channel activation (Lampinen et al., 1998).
R485K was widely distributed across glycerol gradients,
suggesting a spectrum of folding intermediates (Figur-
e S4A). In addition, no defined assembly states were ob-
served on BN-PAGE, another indication of incomplete
folding (Figure S4B). Similar results were obtained with
mutant E705A, which coordinates the ligand’s a-amino
group (data not shown). These data corroborate a role
for ligand binding in the folding/assembly pathway of
glutamate receptors. Ligand binding may facilitate tran-
sition into the export-competent conformation.
An Additional Role for RNA Processing within S2
Our data reveal that R/G editing regulates subunit as-
sembly and ER export kinetics, in addition to determin-
ing desensitization rates. Editing at this site increases in
a developmentally regulated manner (Lomeli et al.,
1994). If R/G editing was to be regulated in adult brain
(by synaptic activity; e.g., see Gurevich et al., 2002), a dy-
namic regulation of AMPA-R composition could be en-
visaged. Arg743 promotes trafficking of both GluR2
splice forms; however, the effect is more pronounced
in flop than in flip (Figure 3). This difference does not ap-
pear to depend on alternative residues surrounding the
R/G site (i.e., 744, 745; not shown) and is currently under
investigation. Curiously, whereas Gly743 speeds desen-sitization of human GluR2-flop (Krampfl et al., 2002), the
opposite is observed in the flip background (Gros-
skreutz et al., 2003), which reveals differences between
these isoforms at a functional level.
Figure 5 suggests that RNA editing slows subunit fold-
ing. By increasing the ER dwell time of GluR2, editing
may encourage heteromer formation at developmental
stages (and brain regions) where R2o(R)-G predomi-
nates. A recent study inC. elegans implicated that heter-
omerization of AMPA-type iGluRs required unfolded
protein response (UPR) signaling and thus an increase
in ER folding capacity (Shim et al., 2004). Interestingly,
this was not the case for assembly of homomers, provid-
ing another link between folding competence and sub-
unit assembly. How does Arg743 promote folding/as-
sembly? Our crystal structure(s) suggest an interaction
between the Arg743 residues across the interface, indi-
cated by the proximity of their Ca atoms (relative to flop/
G; Figure 4C). This Arg link may stabilize and align sub-
units within a dimer. The flip/R (and flop/R; O. Daumke
and I.H.G., unpublished observations) structure reveals
a good superposition with the interface stabilizer
L483Y (Figure S5).
How could closely opposed like charges interact?
Short-range Arg-Arg pairs of various orientations have
been described previously (Singh and Thornton, 1992).
Moreover, aspartate and glutamate side chains are
capable of engaging in H-bonding in certain contexts
(Flocco and Mowbray, 1995). Stabilizing Arg-Arg inter-
actions, facilitated by counter ions, has also been re-
ported by Magalhaes et al. (1994) and was observed in
the interface of crystallin dimers (Norledge et al.,
1996). Similarly, proximity to the protein surface (a read-
ily hydrated environment; Figures 5A and 5B) and a fa-
vorable electrostatic surrounding (Figure 5C) could facil-
itate an interaction of the Arg743 residues. Mutagenesis
revealed a role for the Asp490 carboxylate, located
within 3.5 A˚ of Arg743. D490A reduced the folding com-
petence of unedited R2(Q)o-R and produced a sedimen-
tation/migration pattern seen with R2(Q)o-G (Figures 7B
and 7C). Thus, the interdomain Arg743 link requires the
Asp490 counter-charge. It should be noted that
Asp490 is highly conserved in vertebrate and inverte-
brate iGluRs (Figure S3B) and that mutation of the anal-
ogous position in GluR6 gives rise to nonfunctional
channels (Paternain et al., 2003).
In the GluR6 kainate receptor, the analogous (R/G)
arginine, Arg775, is effectively shielded by inter- and
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(Asp776; Figure S3A; Nanao et al., 2005), a sequence ar-
rangement conserved in all five kainate receptor sub-
units (and the two delta subunits). In contrast to the
near planar arrangement of the Arg residues in GluR2
(Figure 4D), the GluR6 Arg counterparts are oriented to-
ward Asp776 on the opposite protomer. Furthermore,
adjacent Asp776 side chains are rotated toward
Arg775 (3.5 A˚) and Glu524 points upward, which is not
seen with the analogous Glu486 in GluR2 (Figure S3A;
side views). However, Arg775 is not edited to Gly in
GluR6, which would probably result in charge imbal-
ances due to excessive negative charge (note the ring
of Asp side chains above Arg775 in the GluR6 side
view; see also Fleck et al., 2003). In AMPA-R subunits
(GluR2–4) this region needs to provide an energetically
favorable environment for both Arg and Gly. Further-
more, AMPA-Rs, but not kainate receptors, will form
Arg-Gly heterodimers in addition to the Arg-Arg variety,
which again requires different charge distributions. This
raises the question of whether certain combinations
(i.e., R-R versus R-G) are energetically favored and di-
merize preferentially over others. The R/G site is edited
in GluR2–4, whereas Arg remains at this position in
GluR1. It will be of interest to determine whether editing
plays a similar role in these subunits.
A ‘‘positive’’ interaction between the Arg743 side
chains can also be extrapolated from functional data.
R/G editing alters desensitization and resensitization ki-
netics; edited G forms desensitize faster and recover
faster (>2-fold) from desensitization (Banke et al.,
2001; Krampfl et al., 2002; but see Grosskreutz et al.,
2003). Desensitization kinetics have been correlated
with LBD dimer stability—weaker interface contacts ac-
celerate desensitization, whereas strengthened con-
tacts attenuate desensitization (Sun et al., 2002; Horning
and Mayer, 2004). According to this model, Arg743,
which slows desensitization, stabilizes LBD contacts.
Functional Implications
If the findings described herein are reproduced by en-
dogenous AMPA-R subunits, functionally different tetra-
mer combinations could be generated in a developmen-
tally and spatially controlled fashion. Specifically, GluR2
homomers (and tetramers with elevated numbers of
GluR2) would form in embryonic and early postnatal
brain, prior to the onset of R/G editing. Occurance of
these channels is also predicted in adult brain regions
that preferentially express unedited isoforms. We hy-
pothesized previously that GluR2 ER ‘‘retention’’ under-
lies its preferred incorporation into AMPA-R tetramers
by increasing the local concentration of GluR2 (Greger
et al., 2002). Reducing the ER dwell time of unedited
GluR2 early in development may, by extension, give
rise to GluR2-lacking subunit combinations, in addition
to GluR2 homomers. A switch from Ca2+-permeable
(GluR2-lacking) to Ca2+-impermeable (GluR2-contain-
ing) AMPA-Rs has been observed in neocotical layer 5
pyramidal neurons (Kumar et al., 2002). Our data reveal
that progressive RNA editing diminishes GluR2’s capa-
bility to self-assemble. The Q/R site establishes a (tight)
assembly barrier during early embryonic development.
R/G editing produces a more gradual inhibition during
postnatal development. RNA editing may fine-tune thenumbers of GluR2 present in AMPA-R tetramers, which
could reflect different functional requirements for
AMPA-Rs during different stages of brain development.
In addition, developmentally early channels traffic unre-
stricted (Figure 3), potentially resulting in greater AMPA-
R densities at the cell surface; these may be required
during initial synapse formation and response to the
tropic actions of glutamate.
GluR2 confers unique conductance properties, which
depend on its abundance within a tetramer (Washburn
et al., 1997). GluR2 homomers (and receptors with
a high GluR2 content) would be completely insensitive
to polyamine block and conduct at resting membrane
potentials (Washburn et al., 1997), albeit of low ampli-
tude (Swanson et al., 1997). These channels may partic-
ipate in the conversion of silent into functional synapses
early in development (Durand et al., 1996), and contrib-
ute to relieving the Mg+-block of NMDA-Rs. Moreover,
GluR2 homomers have been shown to be permeable
to anions (Burnashev et al., 1996), and would thus be ca-
pable of conducting Cl2. Intracellular concentrations of
Cl2 are high in juvenile brain (Ben-Ari, 2002). By facilitat-
ing Cl2 efflux, glutamate-gated Cl2 currents may, along-
side GABA-A receptors, contribute to excitation in im-
mature brain. Again, whether the low conductance
currents, mediated by GluR2 homomers, would be of
significance remains an open question.
The data presented here reveal another dual role for
Adenosine-to-Inosine editing in glutamate receptor biol-
ogy, which in addition to controlling the channel’s re-
sponsiveness (Lomeli et al., 1994) shapes its hardware.
An analogous R-to-G switch profoundly alters tetrame-
rization properties of the squid Kv1.1A channel (Rosen-
thal and Bezanilla, 2002).
Experimental Procedures
DNA Constructs
pS1S2J (flop/G) was a gift from Dr. Eric Gouaux. pS1S2J (flip/R) was
constructed by replacing a 110 bp BamHI-XhoI DNA fragment, en-
compassing flop/G residues 740–775, with the corresponding 110
bp flip/R cassette. All sindbis GluR2 constructs used in this study
were Myc-tagged after position one (Val1 in the mature protein).
LBD mutants were constructed in GluR2o-G using the Quick-change
system (Stratagen).
Protein Purification and Crystallization
The flip/R LBD was expressed, purified, and refolded exactly as de-
scribed by Chen et al. (1998). Protein was expressed in BL21 (DE3)
E. coli.
Crystal was grown under conditions similar to those of flop/G
(Armstrong and Gouaux, 2000), in 0.1 M sodium cacodylate, 0.1 M
zinc acetate, and 14% PEG 8000, and were isomorphous with
flop/G crystals. Crystals appeared within 3 days and grew to a size
of 0.053 0.153 0.15 mm within 3 weeks by vapor diffusion in a hang-
ing drop at 4ºC.
Data Collection and Refinement
Data were collected from a single cryofrozen crystal on the MRC-
LMB home source to 2.36 A˚. The cryoprotectant was the same as
the reservoir solution with 20% glycerol. Data were processed using
Mosflm (Leslie, 2006) and scaled with Scala (Table 1; Evans, 2006).
The structure was solved by molecular replacement using the flop/
G LBD (Armstrong and Gouaux, 2000) as a starting model, with wa-
ters and glutamate ligand removed. Difference maps were calcu-
lated and the model refined to 2.38 A˚ using Refmac5 (Murshudov
et al., 1997); 29 rounds of refinement were conducted. Modeling
was done with Coot (Cowtan and Emsley, 2004). The final model
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the most favored region of the Ramachandran plot (Table 1). 417 wa-
ters were built in positive 3s density in the Fo-Fc map.
Pulse-Chase Analysis and EndoH Assays
9–12 DIV neurons were metabolically labeled and chased as de-
scribed previously (Greger et al., 2002). Cultured neurons were ex-
tracted in 0.6% CHAPS buffer (Greger et al., 2003) and treated
with EndoH (Roche) as described (Greger et al., 2002).
Hydrodynamic Methods
Hydrodynamic methods were performed as described previously
(Greger et al. 2003) with the following modifications. Ten percent
to fifty percent linear glycerol gradients were centrifuged in a SW-
60 rotor (Beckman) at 41,000 rpm for 18 hr at 4ºC (with max. accel-
eration and max. deceleration) in an Optima L-80 XP ultracentrifuge
(Beckman).
Blue-Native PAGE
Blue-native PAGE was carried out exactly as described (Greger
et al., 2003).
Immunocytochemistry
Hippocampal neurons, grown in Neurobasal medium supplemented
with B27 (Gibco; Greger et al., 2002), were infected with recombinant
sindbis virus at 15–20 DIV. Neurons were labeled live (37ºC for 10
min) with monoclonal anti-Myc ab (4 mg/ml; Santa Cruz), to detect
surface receptor; neurons were then fixed and permeabilized to vi-
sualize total receptor (polyclonal anti-Myc). Quantifications were
as described previously (Greger et al., 2002).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/51/1/85/DC1/.
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